Calmodulin (CaM) is a highly conserved intracellular calcium sensor. In plants, CaM also appears to be present in the apoplasm and application of exogenous CaM has been shown to influence a number of physiological functions as a polypeptide signal, however, the existence and localization of its corresponding apoplasmic binding sites remain controversial. To identify the site(s) of action, a CaM-conjugated quantum dot (QD) system was employed for single molecule level detection at the surface of plant cells. Using this approach, we show that QD-CaM binds selectively to sites on the outer surface of the plasma membrane which was further confirmed by high-resolution transmission electron microscopy. Measurements of Ca 2+ fluxes across the plasma membrane, using ion-selective microelectrodes, demonstrated that exogenous CaM induces a net influx into protoplasts. Consistent with these flux studies, calcium-green dextran and FRET experiments confirmed that applied CaM/QD-CaM elicited an increase in cytoplasmic Ca 2+ levels. These results support the hypothesis that apoplasmic CaM can act as a signaling agent. These findings are discussed in terms of CaM acting as an apoplasmic peptide ligand to mediate transmembrane signaling in the plant kingdom.
Calmodulin (CaM) is a highly conserved intracellular calcium sensor. In plants, CaM also appears to be present in the apoplasm and application of exogenous CaM has been shown to influence a number of physiological functions as a polypeptide signal, however, the existence and localization of its corresponding apoplasmic binding sites remain controversial. To identify the site(s) of action, a CaM-conjugated quantum dot (QD) system was employed for single molecule level detection at the surface of plant cells. Using this approach, we show that QD-CaM binds selectively to sites on the outer surface of the plasma membrane which was further confirmed by high-resolution transmission electron microscopy. Measurements of Ca 2+ fluxes across the plasma membrane, using ion-selective microelectrodes, demonstrated that exogenous CaM induces a net influx into protoplasts. Consistent with these flux studies, calcium-green dextran and FRET experiments confirmed that applied CaM/QD-CaM elicited an increase in cytoplasmic Ca 2+ levels. These results support the hypothesis that apoplasmic CaM can act as a signaling agent. These findings are discussed in terms of CaM acting as an apoplasmic peptide ligand to mediate transmembrane signaling in the plant kingdom.
Calmodulin (CaM) is a conserved multifunctional calcium sensor that mediates intracellular Ca 2+ signaling and regulates diverse cellular processes by interacting with calmodulin-binding proteins (1) (2) (3) . Interestingly, in both animals and plants, CaM may also act as an extracellular agent to regulate physiological events (4) . Consistent with this notion, extracellular CaM has been detected within the cell walls of a broad range of plant species (4) (5) .
Functional studies have established that exogenously applied CaM can stimulate the proliferation of suspension-cultured plant cells (6) as well as affect intracellular activities of heterotrimeric G proteins and phospholipases in protoplasts (7, 8) . Based on these findings, it has been proposed that, in plants, extracellular CaM may function as a signaling agent involved in the regulation of cell growth and development (4) . However, as a 17-kDa hydrophilic protein, exogenously applied CaM could well be retrieved from the apoplasmic space and then exert its effects on components within the cytoplasm. Evidence against this hypothesis was provided by studies with Arabidopsis thaliana suspension-cultured cells in which it was shown that 24 h incubation in exogenous CaM did not result in protein uptake or degradation (4) .
To exert an effect from the apoplasm, it 2 would seem logical to assume that a protein(s) within the plant plasma membrane would have a CaM binding site exposed to the apoplasm. Although a number of studies have addressed the molecular mechanism(s) by which extracellular CaM might act as a signal (6, 9) , and attempts have been made to identify extracellular CaM-binding proteins (4, 6) , currently there is no direct evidence in support of the hypothesis that specific CaM binding sites exist at the surface of plant cells.
To address this question, a CaM-conjugated quantum dot (QD) system was employed for single molecule level detection (10) (11) (12) (13) at the surface of plant cells. These nanoparticles have several advantages over conventional fluorophores for light microscopic imaging, including their higher brightness and photostability (14, 15) . In addition, due to their electron dense nature, QDs can be used for single labeling studies at the transmission electron microscope (TEM) level (16, 17) . Using this QD-CaM system, we demonstrate that QD-CaM binds selectively to sites on the outer surface of the plant plasma membrane. We also show by three independent methods that applied CaM can modulate Ca 2+ fluxes across the plasma membrane, leading to alterations in cytoplasmic Ca 2+ status. These findings support the hypothesis that, in plants, apoplasmic CaM can act as a signaling agent.
EXPERIMENTAL PROCEDURES
CdTe quantum dot (QD) preparationBriefly, sodium hydrogen telluride (NaHTe) was prepared by mixing sodium borohydride and tellurium (molar ratio of 2:1) in water, and N 2 -saturated deionized water was then added to yield a final concentration of 47 mM NaHTe. Next, a precursor solution was prepared by dissolving CdCl 2 (1 mM) and 3-mercaptopropionic acid (MPA) (1.2 mM) in 50 ml of deionized water; the pH value was then adjusted to 9.0 by the stepwise addition of NaOH solution. An aliquot (100 μl) of oxygen-free solution containing fresh NaHTe, cooled to 0ºC, was then added to 10 ml of precursor solution and vigorously stirred. The resultant solution was put into a Teflon-lined stainless steel container and autoclaved at the reaction temperature for periods ranging from 5 to 180 min. Solutions containing the MPA-capped CdTe quantum dots (QDs) were then cooled, to room temperature, and the fluorescence emission spectrum measured on a Fluorolog-3 spectrofluorometer (see Fig. S1 for a full description of the procedures employed).
Plant Material-Newly matured pollen grains were collected from tobacco (Nicotiana tabacum L.) and lily (Lilium longiflorum Thunb.) growing in a greenhouse at the Botanical Garden of the Institute of Botany, Chinese Academy of Sciences, Beijing, China. Tobacco BY-2 and Arabidopsis thaliana suspension-cultured cells were propagated in the appropriate media (18) . Transgenic CFP-Calmodulin -M13-YFP A. thaliana plants were grown in a greenhouse (19) .
Preparation of Protein-conjugated QD
Probes-Purified plant calmodulin (CaM) was prepared from A. thaliana according to Zielinski (20) . The CaM tryptic peptides, CaM TR 1 C (N-terminal fragment containing residues 1-75) and CaM TR 2 C (C-terminal fragment containing residues 78-148) were kindly provided by Prof. Akke, Lund University. CmPP16, a 16 kDa RNA binding protein from the pumpkin phloem sap, was expressed as a recombinant protein from Escherichia coli, as previously described (21) .
CaM, BSA, CmPP16, CaMTR 1 C and CaMTR 2 C conjugation to QDs was performed as previously described (11, 22) . The reaction volume was 0.2 ml of MES-NaOH buffer (pH 5.8) in which the concentration of QDs was 1 µM and that of proteins was 100 µM. Concentrations of 1-ethyl-3-(3)-dimethylaminopropyl carbodiimide (EDC) and N-hydroxysuccinimide (NHS) were 1 and 0.3 mM, respectively. Solutions were incubated and vortexed at room temperature, generally for 4h. QD-protein probes were separated from free protein by precipitation, through the addition of 0.6 ml acetone, followed by centrifugation for 20 min. The resultant pellet was air-dried, in the dark; prior to use, it was dispersed in PBS (pH 7.2) containing 0.1% (v/v) β-mercaptoethanol. When germinating pollen tubes were as long as the pollen grain diameter, they were transferred into enzymatic solution containing 1% cellulase (Onozuka R-10), 1% Macerozyme (R-10, Japan), 1mM KCl, 0.8 mM MgSO 4 , 1 mM CaCl 2 , 10 mM MES and 12% mannitol (pH 5.8). Intact pollen protoplasts were released after 1-3 h of enzymatic digestion at 30ºC in the dark. A cell wall-specific stain, Calcofluor White ST, was used to monitor the enzymatic removal of the wall. Pollen protoplast viability was confirmed using the vital dye, fluorescein diacetate (FDA), as previously described (10) . After staining with 10 mg/ml FDA for 20 min, protoplasts were washed with FDA-free medium and observed with a Leica Dmire 2 fluorescence microscope.
Protoplasts from tobacco BY-2 and Arabidopsis suspension-cultured cells were isolated by adding 1% cellulase and 1% Macerozyme to the culture medium. Arabidopsis mesophyll protoplasts were isolated according to the procedure of Abel et al (24) . Released protoplasts were washed with their corresponding suspension media and W5 solution (154 mM NaCl, 125 mM CaCl 2 , 5 mM KCl, 5 mM glucose and 1.5 mM MES-KOH [pH 5.6]).
Cell Labeling and Analysis of QD-Protein Probes-To label cells with QD-protein probes, intact cells or their protoplasts were incubated in the appropriate germination or suspensionculture medium containing QD-CaM, QD-BSA, QD-CmPP16, QD-CaMTR 1 C, QD-CaMTR 2 C or QDs at 1 µM for 3 h at 25ºC. Cells were then carefully washed 3-5 times with the appropriate medium. Images were collected using a Bio-Rad MRC 600 laser-scanning confocal system attached to an Optiphot microscope (Nikon).
CaM Competitive Binding Assays-
Equal quantities of lily pollen protoplasts were either incubated in medium containing 1 µM QD-CaM probe, or were preincubated with 0, 1, 10 or 100 µM CaM, BSA, CmPP16, CaM TR 1 C or CaM TR 2 C separately, then transferred to medium containing 1 µM QD-CaM probes. Protoplast-associated fluorescence was quantified by fluorimetry, using an F-4500 fluorospectrometer (Hitachi, Japan).
Detection of QD-CaM Probes by
Transmission Electron Microscopy-Lily pollen and tobacco BY-2 protoplasts were incubated, for 3 h at 25ºC, in medium containing 1 µM QD-CaM, QD-CaM TR 1 C, QD-CaM TR 2 C, or QDs. After washing 3-5 times with their corresponding culture medium, protoplasts were fixed, for 1 h at 4 ºC, in 1% glutaraldehyde, in the appropriate medium. Protoplasts were then transferred for an additional 1h at 4ºC to medium containing 2% glutaraldehyde followed by three washes with 100 mM phosphate buffer, pH 7.2, and then post-fixed for 3 h in the same buffer containing 1% OsO 4 . Protoplasts were then dehydrated in an ethanol series and finally embedded in Spurr's resin. No staining was performed to avoid contamination. Ultrathin sections were mounted on Formvar-coated grids and observed with a transmission electron microscope (JEOL 1210), operated at 80 kV. Protoplasts were first adhered to glass cover slips treated with a poly-l-lysine (Sigma) solution. Gradients in Ca 2+ activity next to individual protoplasts were measured by moving the Ca 2+ -selective microelectrode between two positions, in a pre-set excursion (5-30 μm), at a frequency of between 0.3 to 0.5 Hz. Three Ca 2+ -selective microelectrodes were equally spaced around each protoplast and were located within the equatorial plane of the protoplast. All cellular ion flux experiments were repeated at least 3 times, and a minimum of 10 protoplasts were used per treatment. Individual protoplasts were monitored in control bathing medium for 20 min and only those displaying a stable pattern in which net uptake of Ca 2+ was close to zero were used in subsequent experiments. Net Ca 2+ fluxes were calculated as described (27) .
Measurement of Ca

Measurements of Cytosolic Ca
2+
Levels-Pollen protoplasts were first microinjected with the Ca 2+ -sensitive dye, Calcium Green-1 linked to a 10 kDa dextran (Invitrogen, Shanghai, China) and then given a 1 h recovery period at 25°C. Subsequently, 1 µM CaM, QD-CaM, CaM TR 1 C, CaM TR 2 C or single QDs were added to the bathing medium containing 1mM KCl, 0.8 mM MgSO 4 , 1 mM CaCl 2 , 10 mM MES and 12% mannitol (pH 5.8). Sequential fluorescence images were then acquired by using a Leica TCS 4D laser-scanning confocal microscope: excitation wavelength, 488 nm; emission spectra collected between 515 to 550 nm.
Cytoplasmic Ca 2+ levels were also investigated by means of fluorescence resonance energy transfer (FRET), according to Adachi and Tsubata (28) . Mesophyll protoplasts, derived from transgenic A. thaliana plants expressing the ECFP-Camodulin -M13-EYFP cameleon, were first analyzed under a laser-scanning confocal microscope and images were collected using LSM 510 software (Carl Zeiss, Jena, Germany). For CFP analysis, we used an excitation wavelength of 458 nm and emission spectra were collected between 475 to 490 nm; for YFP, we used an excitation wavelength of 514 nm and emission spectra were collected between 530 to 600 nm. Images were again collected in a time course following the introduction to the bathing medium of 1 µM CaM, QD-CaM, CaM TR 1 C, CaM TR 2 C or single QDs. FRET ratios for these various treatments were calculated, using imageJ software (http://rsbweb.nih.gov), as the ratio of YFP to CFP intensity, according to the following formula: ratio = 1000 ·YFP/CFP.
RESULTS
General Non-specific Binding of QD-Protein Probes to Cell Walls-To investigate whether
CaM binding sites exist on the surface of intact plant cells, we first prepared water-soluble and photostable quantum dots (QD) (Fig. S1 ). These freshly-prepared QDs were then used to conjugate CaM and various control proteins to yield luminescent test probes (Fig. S2) . As controls for our binding studies, we prepared QD-BSA and QD-CmPP16, the latter is a hydrophilic 16 kDa protein equivalent in size to CaM (21, 29) . Two CaM tryptic fragments were also prepared; QD-CaM TR 1 C and QD-CaM TR 2 C, containing residues 1-75 and residues 78-148, respectively (30, 31) .
As a control, we first determined whether non-conjugated QDs could permeate and/or adhere to the surface of plant cells. For this purpose, Nicotiana tabacum (tobacco) and Lilium longiflorum (lily) pollen grains, as well as tobacco BY-2 and Arabidopsis thaliana suspension-cultured cells, were incubated for 3h in medium + 1 µM QDs. After a thorough rinse with incubation medium, cells were examined under a fluorescence microscope. Both control and QD-treated pollen grains (Fig. S3, A and B; Fig. S3 , F and G) and suspension-cultured cells (Fig.  S4, A and B; Fig. S4 , F and G) were devoid of fluorescent signals, thus indicating that non-conjugated QDs do not adhere to, or become bound by, these plant cell walls.
Equivalent experiments were next performed in which cells were incubated for 3h in 1 µM QD-CaM probe. Here, strong green fluorescent signals were detected around the cell walls of tobacco and lily pollen grains (Fig. S3 , C and H) as well as BY-2 and Arabidopsis suspension-cultured cells (Fig. S4, C 
CaM Binds to the Protoplast Plasma
Membrane-To test for the presence of CaM binding sites on the external surface of the plasma membrane, a series of experiments was next performed with protoplasts isolated from both pollen grains (Fig. S5 ) and suspension-cultured cells. Control experiments performed with free QDs established that they did not bind to the surface of tobacco pollen protoplasts (Fig. 1,  A and B) . In contrast, when incubated with 1 µM QD-CaM probe, tobacco and lily pollen protoplasts exhibited clear fluorescent signals on the outer surface of the plasma membrane (Fig. 1, C and H,  respectively) . Importantly, no fluorescent signals were observed after protoplasts were incubated with the control probes QD-CmPP16 (Fig. 1, D and I ) or QD-BSA (Fig. 1, E and J) . These results provided support for the hypothesis that the QD-CaM probe can interact, specifically, with a protein(s) located at the outer surface of the plasma membrane. Interestingly, neither QD-CaM TR 1 C (Fig. 1, F and K) nor QD-CaM TR 2 C probe (Fig. 1, G and L) bound to the protoplast surface. This finding suggested that only native CaM can bind to the putative plasma membrane-located binding site(s).
Equivalent experiments were next performed on protoplasts prepared from BY-2 and Arabidopsis suspension-cultured cells. Here, incubation with the QD-CaM probe gave a clear fluorescent signal associated with the plasma membrane (Fig.  2, A and F) . Again, no signal was detected in the presence of QD-CmPP16 (Fig. 2, B and G), QD-BSA (Fig. 2, C and H) , QD-CaM TR 1 C (Fig. 2, D and I) or QD-CaM TR 2 C (Fig. 2, E and J) probe. These results suggested that the plasma membrane-localized CaM binding site(s) may be present on a wide range of plant cells.
Binding of QD-CaM Probe is
Specific-To further test the binding specificity of the QD-CaM probe to the plasma membrane-localized site(s), we next performed a series of competition assays. Lily protoplasts were first incubated for 1h in media containing various concentrations of CaM, BSA, CmPP16, CaM TR 1 C or CaM TR 2 C, followed by transfer to medium containing 1 µM QD-CaM probe. After a 2h incubation period, protoplasts were washed thoroughly and fluorescence intensity quantified using fluorimetry. The fluorescence level associated with the bound QD-CaM probe was found to decrease as a function of increasing CaM concentration in the pretreatment medium (Fig. S6) . In marked contrast, the pretreatment with BSA, CmPP16, CaM TR 1 C, or CaM TR 2 C had no effect on the level of QD-CaM binding to lily protoplasts. These results indicate that only native CaM can compete with the QD-CaM probe for binding to a specific target protein(s), presumably located on the outer surface of the lily pollen protoplast plasma membrane. bound to the outer surface of the plasma membrane. Electron dense particles, associated with the QD-CaM probe, were routinely observed on the surface of lily protoplast plasma membranes (Fig. 3, A-C) . In contrast, few if any particles were found along the plasma membrane of lily protoplasts incubated with single QDs (Fig.  3D) . Specificity of QD-CaM binding was further confirmed by the absence of electron dense particles along the plasma membrane of lily protoplasts incubated with QD-CaM TR 1 C probe (Fig. 3E) .
High-resolution
Parallel studies were also performed with protoplasts prepared from BY-2 suspension-cultured cells. Again, incubation of these protoplasts with QD-CaM probe resulted in the presence of particles bound to the outer plasma membrane surface (Fig. 3 , F and G). However, protoplasts incubated with the QD-CaM TR 1 C probe (Fig. 3H) , or single QDs (data not shown) were found to be devoid of bound particles. Taken together, these results provide further support for the hypothesis that the plant plasma membrane contains a protein(s) that can bind to extracellular CaM. (27) . Three scanning ion-selective electrodes were used to simultaneously record the Ca 2+ flux crossing the plasma membrane of individual protoplasts (Fig. 4, A and B) . Monitoring of these fluxes in normal bathing medium for 20 min established that the net uptake of Ca 2+ was close to zero. Addition of either 1 µM CaM or QD-CaM probe resulted in a change of this condition to a net Ca 2+ influx. This alteration away from flux equilibrium was generally apparent within 10 min of adding CaM/QD-CaM (Fig.  4B) . Importantly, addition of QDs alone, or QD-CaM TR 1 C probe to the bathing medium did not significantly alter the Ca Parallel experiments were also performed with calcium-green-dextran (32) to monitor the affects of CaM and the QD-CaM probe on cytoplasmic Ca 2+ levels in lily pollen protoplasts. Following microinjection-based loading of calcium-green-dextran into the cytoplasm of lily protoplasts, the resting intracellular Ca 2+ level was monitored for 15 min (Fig. 5) . Introduction of CaM or QD-CaM probe was found to elicit a clear increase in the cytoplasmic Ca 2+ level within 7 to 15 min (Fig. 5, A and B, respectively) FRET analysis performed on these Arabidopsis protoplasts revealed a rise in cytoplasmic Ca 2+ shortly after CaM or the QD-CaM probe was introduced into the bathing medium. A time course of FRET measurements showed that marked FRET occurred within 2 min after protoplasts were given a 1 µM CaM (Fig. 6A) or QD-CaM probe (Fig. 6B ) treatment. No change was elicited in response to single QDs, CaMTR 1 C or CaMTR 2 C (data not shown). Each treatment was examined on 20 protoplasts and a consistent response was observed in all but one or two protoplasts.
CaM and QD-CaM Probe
Ratio increases resulted from a rise in the fluorescence of the acceptor EYFP. However, no perceptible or very small decreases in the fluorescence of the donor ECFP were observed (Fig. 6 ). This was due in large part to the high levels of chloroplast autofluorescence present in these Arabidopsis protoplasts, which caused a high background against which ECFP changes were measured. In any event, the mean for the ratio of YFP/CFP fluorescence showed a significant increase in protoplasts after treatment with CaM or the QD-CaM probe (Fig. S7) .
DISCUSSION
Like animals, plant cells may make use of peptide signals (33) . Although some 10 polypeptide hormones, or putative polypeptide signals, have been reported in plants, only a few have been well characterized at the genetic and biochemical level (34, 35) . It has also been proposed that extracellular CaM may serve as a polypeptide signal in plants (5, 6, 8, 9) . Experimental confirmation of the existence and localization of such CaM binding sites on the cell surface was the subject of the present study. Here, we used CaM-labeled QDs to detect CaM binding sites on the cell surface at both the light and electron microscopic levels in intact plants and their protoplasts.
Synthesized QD-protein Probes are
Highly Specific and Photostable-The preparation of biocompatible water-soluble QDs is a key step in the use of semiconductor QDs for live cell imaging. We first synthesized MAP-capped CdTe QDs with good luminescence properties using the protocol of Chen and Zhong (36) . Carbodiimide was used to mediate the formation of amide linkages between a carboxylate and an amine group to synthesize luminescent probes of CaM-QDs and other protein-QDs. To detect whether CaM and other proteins were successfully bio-conjugated to the QD nanoparticles, the EDC-NHS-mediated coupling reaction on the silylanized slides was performed. These experiments indicated that bio-conjugation is specific and these proteins are indeed covalently bound to the nanocrystal surface.
Presence of the Membrane-localized Specific CaM Binding Sites Was Universal in Living Plant Cells, Whereas CaM Binding to the Cell Wall Was Most Likely
Due to Steric Hindrance-Our fluorescent labeling results with protoplasts isolated from a range of cell types and different plant species revealed that CaM-QDs can bind to the plasma membrane via an interaction with a specific binding site(s). In contrast, our studies on intact plant cells demonstrated that not only QD-CaM, but also QD-BSA and QD-CmPP16 appeared to bind to the cell wall. Hence, the observed cell wall-associated CaM-binding most likely is due to steric hindrance rather than CaM interacting with specific binding sites within the matrix of the wall.
Specificity in the interaction between the QD-CaM probe and binding site(s) located on the membrane surface is supported by two lines of evidence. First, neither QD-BSA, QD-CmPP16, QD-CaM TR 1 C, nor QD-CaM TR 2 C, became bound to the protoplast membrane. Second, increasing levels of single QDs, QD-BSA or QD-CmPP16 had no effect on the extent to which QD-CaM bound to protoplasts. The fact that CaM, but not QD-CaM TR 1 C or QD-CaM TR 2 C, competed with QD-CaM binding, also provided further support for the notion that the interaction with the target protein is dependent on CaM being in its native conformation. Taken together, these findings lead us to conclude that specific CaM-binding proteins are membrane-localized instead of cell wall associated.
Membrane Localization of Specific CaM-binding Sites Confirmed by TEM-
The tightly packed atoms in the core and shell of the QD nanocrystal make them electron-dense moieties and, thus, they can be visualized by electron microscopy (16) . In the present study, localization of CaM-binding sites on the plant cell surface, as determined by light microscopy, was further confirmed using high-resolution electron microscopy. These experiments clearly revealed that the QD-CaM probe was bound to the outer surface of the plasma membrane. Again, specificity of this binding to a putative receptor was supported by the absence of signal detected with QDs alone, QD-BSA, QD-CmPP16, QD-CaM TR 1 C or QD-CaM TR 2 C.
CaM-binding sites Function in Ca
2+
Signaling-Intracellular signal transduction pathways, especially those involving secondary messengers, provided another avenue to test the hypothesis that extracellular CaM can act as an apoplasmic peptide signal (37) . In support of this notion, our ion-selective microelectrode studies provided direct evidence that application of either CaM or QD-CaM induced a change in the steady state condition of the protoplast from no net Ca 2+ uptake to a net influx of Ca 2+ . Importantly, the time course for this change in net flux matched the response in cytoplasmic Ca 2+ measured by calcium-green-dextran and FRET-based experiments using the ECFP-Calmodulin -M13-EYFP cameleon. Again, the inability of QDs alone, QD-CaM TR 1 C or QD-CaM TR 2 C to induce changes in cytoplasmic Ca 2+ levels supports our conclusion that this response is specific and elicited by the applied CaM.
Although these collective findings are consistent with QD-CaM eliciting an increase in intracellular Ca 2+ concentration, through a transmembrane mechanism activated by QD-CaM binding to an external site on a plasma membrane receptor, our studies do not preclude the involvement of other ligands. Here, it is important to note that the Arabidopsis genome contains some 50 members of the EF-hand family of small, acidic Ca 2+ -binding proteins in addition to CaM (38) . Future studies will be performed to test whether additional CaM-like proteins can similarly activate this response pathway. (39) . Furthermore, CaM lacks any identifiable signal sequence(s) that would potentially target it for secretion into the apoplasm. Hence, its entry into the cell wall may occur as a direct result of cellular damage. CaM is an abundant protein and small in size, thus, its release upon local damage could well allow it to permeate through the walls of neighboring cells. Activation of the transmembrane signaling pathway by CaM may serve to inform these surrounding cells of local tissue damage.
In summary, our results clearly demonstrated that the apoplasmic CaM binding sites were widely present on surface in plant cells using the synthesized CaM-QD luminescent probes. It was revealed via labeling and competition assays that CaM binding proteins were membranelocalized, instead of cell wall-associated as reported previously. Transmission electron microscopy showed the precise localization of the extracellular CaM binding sites on the membrane surface, providing the most direct proof for the existence of apoplasmic CaM binding sites. In addition, we confirmed that both CaM and CaM-QDs could mediate intracellular secondary messenger Ca 2+ concentrations when binding to the plant plasma membrane. Taking together, our results suggested that QD-CaM, in addition to its traditional role in mediating the intracellular Ca 2+ -signal pathway, is able to function as an apoplasmic signal in the regulation of plant growth and development after interaction with its extracellular binding sites. 
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